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while the high-gain units tend to be dimorphs (Baird et al. 1988; Goldberg 2000) .
Previous experiments have shown that galvanic vestibular stimulation (GVS) does not affect the vestibulo-ocular reflex (VOR) during sinusoidal motion or brief velocity steps in primates (Angelaki and Perachio 1993; Chen-Huang et al. 1997; Minor and Goldberg 1991) . Angelaki and Perachio (1993) did find that anodal GVS reduced eye velocity during prolonged velocity steps lasting several seconds and during off-axis angular rotation (Angelaki et al. 1992) . On the basis of these results, they concluded that irregular otolith afferents might be essential for the generation of steady-state nystagmus during off-vertical axis rotations (OVAR) and for velocity storage and the VOR at sinusoidal frequencies Ͻ0.1 Hz. The limited effects of irregular afferent "functional" ablation are surprising, as experimenters have also shown that there is no preferential innervation of second-order vestibular neurons by the different afferent types (Boyle et al. 1992; Chen-Huang et al. 1997; Highstein et al. 1987) . One possible explanation for this apparent paradox is the influence of extravestibular factors such as target distance or attention (Chen-Huang et al. 1997; Chen-Huang and McCrea 1998) on the responses of neurons within the vestibular nucleus. Alternatively, irregular afferents might predominantly influence vestibular control of head stability (Angelaki and Perachio 1993; Bilotto et al. 1982) rather than the VOR, although this idea has never been directly tested in head-unrestrained animals.
To directly test the latter hypothesis, we performed galvanic stimulation in head-unrestrained guinea pigs. The present study presents evidence for effects of GVS on vestibular compensatory head movements during passive whole body rotations. Furthermore, here we show that in the guinea pig GVS has a significant effect on the VOR during both sinusoidal and transient head motion over a broad range of movement frequencies and velocities. In contrast, there is no effect of GVS on the anticipatory compensatory eye movements that occur during self-generated (active) head movements of the same animals (Shanidze et al. 2010b) .
The approach of the present study differs in two critical ways from previous work. First, our experiments were done in the guinea pig, unlike the seminal primate studies of Minor and Goldberg (1991) . Second, both eye and head responses to horizontal vestibular stimulation were measured in animals whose heads were unrestrained, a more natural preparation. Previous experiments have described the effects of GVS on vestibular nerve activity in the guinea pig. Kim and Curthoys (2004) replicated, in anesthetized guinea pigs, the preferential effect of GVS on irregular afferents found in chinchilla (e.g., Baird et al. 1988 ) and monkey (e.g., Goldberg et al. 1984 ). To control for any possible influence of head restraint on the effectiveness of GVS, we also report data from both headrestrained and head-unrestrained guinea pigs.
MATERIALS AND METHODS
Experimental and surgical procedures were performed in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals and were approved by the University of Michigan's University Committee on Use and Care of Animals (UCUCA).
Surgical Procedures and Testing
For eye coil, head post, and electrode implantation, the animals were anesthetized with an intramuscular cocktail of ketamine (0.40 ml/kg) and xylazine (0.50 ml/kg) and were administered saline solution (20 ml) and atropine (0.125 ml/kg) subcutaneously for each surgical procedure. A heating pad was used to maintain the animals' body temperature. Vital signs were monitored until the animal became mobile and could stand upright. Three guinea pigs were prepared for chronic eye and head movement recording by implantation of a two-dimensional search coil in the right eye and a head post on the skull with dental acrylic (C&B Metabond, Parkell, Edgewood, NY). A second search coil was affixed to the head post to record head movements. The guinea pigs' bodies were restrained, but their heads were free to move during vestibular stimulation. Passive whole body angular rotation about an Earth vertical axis centered between the animals' ears was used to evoke reflex responses. Animals were rotated sinusoidally at frequencies ranging from 0.2 to 10 Hz, all tested at velocities ranging from 20 to 90°/s (20, 30, 40, 60 , 80, 90°/s; accelerations of 300 -3,000°·s
Ϫ1 ·s Ϫ1 ). To mimic voluntary head movements, abrupt transient "velocity steps" between 20 and 90°/s with peak accelerations up to 2,000°·s Ϫ1 ·s Ϫ1 were used (for details see Shanidze et al. 2010a ).
Galvanic Stimulation
Stimulating electrodes were implanted bilaterally in the middle ear. The electrodes and leads were assembled prior to the surgery and gas sterilized. Each electrode consisted of two Teflon-coated, 32-gauge, platinum-iridium wires (A-M Systems, Sequim, WA) soldered to a set of stainless steel connectors. Each electrode had a ball, 0.05 mm in diameter, on the implanted end. A retro-auricular incision was made and the dorsal bulla exposed. The bulla was drilled to provide access to the middle ear. With a surgical microscope, the ossicles, cochlea, and round window were observed through the opening as landmarks for placement of the stimulating electrodes. One electrode was placed near the round window, wedged in place, and fixed with Vetbond (3M, St. Paul, MN). The second electrode, serving as a ground, was implanted in the bulla distal to the first electrode and fixed in place with Vetbond. Metabond was used to seal the bulla opening. The leads from both electrodes were led subcutaneously to the skull and attached to a previously constructed acrylic pad. Currents ranging between 20 and 80 A and comparable to those used previously in guinea pig (Kim and Curthoys 2004) were applied either cathodally or anodally (to achieve either excitation or inhibition of the vestibular periphery, respectively) and were timed to occur in relation to the vestibular stimulus. Currents were applied bilaterally and in temporal synchrony with separate constant-current isolated pulse stimulators (model 2100, A-M Systems) for each ear. For each experiment, currents were balanced between the two ears. Current was applied to each ear to determine thresholds at which vestibular nystagmus was elicited. Currents were then applied bilaterally for 1-2 s and adjusted so that no eye movements were invoked in the absence of rotational stimuli with either cathodal or anodal bilateral stimulation.
During the experiment, fully awake animals were restrained and placed on a servo-controlled turntable (Neurokinetics, Pittsburgh, PA; see Shanidze et al. 2010a) . Video camera recordings using infrared illumination were used to ensure that the animals remained alert and to confirm that head position remained relatively upright and aligned with the body axis during stimulation. Eye and head movements were recorded with the electromagnetic search coil technique (e.g., Robinson 1963 in human; Fuchs and Robinson 1966; Judge et al. 1980 in monkey; Shanidze et al. 2010a in guinea pig). A Primelec search coil system (D. Florin, Ostring, Switzerland; model CS681) generated three orthogonal electromagnetic fields around the guinea pig. The Primelec field coils were stationary relative to the world, and the animals were rotated within the generated fields. In this configuration, measured eye and head movement signals were eye-in-space and head-in-space relative to the Earth fixed coordinate frame established by the field coils. Eye position, head position, and body velocity data were each sampled at 1,000 Hz by a dedicated data acquisition system (CED Power 1401, Cambridge Electronic Design, Cambridge, UK). Data were analyzed off-line with custom software written in Spike 2 (Cambridge Electronic Design) and MATLAB (The MathWorks, Natick, MA) environments. A smoothing filter with a 0.005-or 0.01-s time constant (time constants were applied uniformly across all data traces on a given date but could differ across dates) was applied to all acquired position channels, and eye and head velocity were computed by differentiating the position data.
Head Restraint Experiments
To control for a possible effect of head restraint on GVS responses, animals were placed in a modified body restraint with an attached mold of the head. To create the custom mold, a guinea pig was anesthetized and tightly wrapped in protective covering. The area around its head was then filled with dental impression material (AlgiNot, Kerr, Sybron Dental Specialties, Washington, DC). Once hardened, the mold could be attached to the body restraint and comfortably tightened around the animal's head. The animal was then placed in the recording setup, and vestibular and galvanic stimulation were applied as described above.
Data Analysis
Sinusoidal stimulation. For sinusoidal rotations, rapid eye movements were removed with a computer algorithm tuned to each frequency. The algorithm used both velocity and acceleration threshold criteria to detect the onset and offset of rapid eye movements. The thresholds were adjusted by an experienced user to optimize the removal of rapid eye movements. Desaccaded cycles of eye-in-space, eye-in-head, head-in-space, and head-on-body were averaged and fit with a sinusoid (of the corresponding frequency) using a least squares algorithm and checked by the experimenter. The sinusoid fit to the data was used to compute the amplitude and phase of the response relative to the stimulus. To quantify VOR gain, we computed the ratio of eye-in-head velocity to head-in-space velocity amplitudes; analogously, for compensatory head movement (CHV), we divided the head-on-body velocity by that of the body-in-space. VOR and compensatory head movement phase shifts were computed by subtracting phase values from the same pairs of fits as the gains. These computations were done in the time domain.
Sinusoidal stimuli were typically applied in blocks of 10 (low frequencies) or 20 (high frequencies) cycles of the same amplitude and frequency. Stimulation frequencies were separated into two groups: "low frequency" (0.1, 0.2, 0.5, 1, 2, 5 Hz) and "high frequency" (8, 10 Hz). The distinction was made based on previously published data, which showed a biomechanical resonance for stimulation frequencies of 8 or 10 Hz (e.g., Fig. 4 , Shanidze et al. 2010a ).
Peak-to-peak stimulus amplitudes ranged from 20°/s to 90°/s. Galvanic stimulation was applied during the first 5 or 10 cycles of a block; the remaining cycles were used as control data (Fig. 1A, top) . Cycles with and without GVS were fit separately; the cycle immediately preceding the onset and the cycle following the offset of stimulation were omitted to avoid possible GVS onset/offset transients. Since galvanic stimulation was applied for half of the sinusoidal stimulus block, each set of cycles with GVS was paired with a subsequent set of control cycles within the same block. This procedure yielded a pair of gain and phase values for both compensatory eye and head movements that could be directly compared with one another (Figs. 2-4) . Unless noted otherwise, the Wilcoxon signed-rank test was used for the comparison statistics because the data were not normally distributed.
Transient stimulation. For transient step trials, our approach differed from the sinusoidal motion experiments in several key aspects. Unlike sinusoidal trials, where GVS was applied over consecutive cycles of motion, each step was treated as a single trial. On GVS trials, constant current was applied for 800 ms, beginning 400 ms before and persisting 400 ms after the onset of body acceleration. Thus any onset transients of GVS occurred well before the onset of body acceleration. GVS was applied for ϳ50% of all transient trials, selected randomly by the computer. The values of eye and head velocity were measured at 90% of the peak body velocity (Shanidze et al. 2010a ); control and GVS step values were grouped separately. We also examined response values at the time of peak body acceleration and during the steady-state portion of each step and found that the results were qualitatively similar regardless of the time at which the measurement was made. To quantify eye movements, the eye-in-head velocity value was plotted against the head-in-space velocity value for each step, and an overall slope was computed for all control points with robust regression (rightward and leftward steps were analyzed separately). Slopes were similarly computed for all GVS points for each animal's test date. These slopes were used as an estimate of the gain of the VOR for each animal, for trials with and without GVS. This analysis yielded a set of VOR gain value pairs whose differences represented the effects of GVS. Head movement responses were analyzed in a similar fashion.
Active head movements. To evaluate effects of GVS on compensatory eye movement responses to self-generated head movement, animals were placed in the experimental setup and allowed to move their heads freely without external vestibular stimulation. Eye and head movements were recorded as described above. GVS was applied randomly during epochs of active head movement. Control and intervening GVS blocks of active head movements with similar speeds and accelerations were analyzed to calculate compensatory eye movement gain and eye movement latency with respect to an active head movement. The gains were computed using data samples taken over the entirety of the control or GVS block and performing a robust regression of eye-in-head versus head-in-space velocities. Time points where both head-in-space and eye-in-space velocities were in the same direction were excluded, as they represented anticompensatory behavior. To calculate latency we first divided each control or GVS block into 25-ms segments. For each segment, a cross-correlation of head-in-space and eye-in-head velocities was then performed, and only latencies with negative correlation coefficients were considered as per Cullen et al. (1996) . For the GVS vs. control comparison, the gains and latencies of consecutive control and GVS blocks were subtracted, yielding a difference value for each pair of control and GVS blocks. Statistical analysis. To ascertain the significance of gain changes associated with GVS during transient steps or active head movements, a nonparametric permutation test was performed. Following the general procedure described by Nichols and Holmes (2002) , we examined differences between each set of gains (e.g., control VOR gain minus GVS VOR gain) across all dates and amplitudes of head movement. From each distribution, we calculated the mean of the differences as the observed statistic. Using this mean, we compared it against a null distribution representing the null hypothesis that the test condition (GVS or control) has no effect on behavior. The null distribution was generated by relabeling the test condition of the values in each pair difference and calculating the mean of the differences after relabeling. If computationally feasible, the values of the null distribution were composed of the means from a complete permutation of all label orders. To make the required computational state feasible, if the number of permutations exceeded 2^14, a randomized permutation test was performed instead with 10,000 permutations, each with randomly chosen labels. The P value was calculated as the proportion of statistic values in the null distribution equal to, or more extreme than, the observed mean (Nichols and Holmes 2002) .
RESULTS

Sinusoidal Rotation: Inhibitory GVS
Inhibitory galvanic vestibular stimulation (anodal GVS) had a significant effect on compensatory head and eye movements as shown in Fig. 1 . Figure 1A shows an animal's responses to 2-Hz sinusoidal rotations at 60°/s with bilateral anodal galvanic stimulation (cycles 2-5) and without GVS (cycles 6 -11). During GVS, eye-in-space (EIS, 2nd trace from top) velocity was greater and head-on-body velocity (gray trace, HOB) was less. Greater eye-in-space velocity (e.g., gaze velocity) during stimulation indicates reduced retinal image stability during an externally driven rotation. The stimulus-evoked suppression of compensatory eye velocity is evident in the higher-temporal resolution panel (Fig. 1B ) and in the plots of eye vs. head velocity during GVS (compare Fig. 1C , top, with Fig. 1D , top). The VOR gain was 0.58 Ϯ 0.01 with anodal stimulation (Fig.  1C ) and 0.77 Ϯ 0.01 without stimulation (Fig. 1D) . Similarly, compensatory head relative to body velocity (CHV) was reduced during anodal GVS stimulation (compare Fig. 1, C , bottom, and D, bottom) . Since inertial forces and volitional movements, as well as the vestibulo-collic reflex (VCR), may produce compensatory head movements, we characterize head movement responses with the general acronym CHV, rather than VCR. CHV gain was 0.03 Ϯ 0.00 with anodal stimulation (Fig. 1C ) and 0.19 Ϯ 0.01 without stimulation (Fig. 1D ).
GVS Effects on Compensatory Eye Movements
To quantify the effect of anodal GVS on the VOR, we compared VOR gain with GVS versus VOR gain in the absence of GVS for paired cycles within each block of sinusoidal rotations (see MATERIALS AND METHODS) . Figure 2A shows a scatterplot of these data for all of the animals tested in the study. If the gain during GVS equaled that of paired control cycles, then the plotted data points should be evenly distributed about the unity slope line ( Fig. 2A) . Instead, it is evident that the majority of the data points fall below this line, indicating that VOR gain in the presence of GVS was less than VOR gain in a paired control cycle. To quantify this observation, we measured the distance of each data point from the unity slope line and plotted the distribution of these residuals (Fig. 2C) . These residual values are equivalent to the paired differences between responses with and without GVS within a sinusoidal trial. If there were no effect of GVS on gain, the distribution would be centered about zero. For frequencies of rotation Ͻ8 Hz, the distribution is clearly shifted negatively (median ϭ Ϫ0.09, P Ͻ 0.0001).
In general, VOR gain increases with frequency of stimulation, accounting for much of the spread in gain values shown in Fig. 2 (Shanidze et al. 2010a ). For the highest frequencies of rotation where head velocity may exceed body velocity (8 -10 Hz), the gain of the VOR was much higher on average than during lower-frequency oscillations (Shanidze et al. 2010a ). Anodal GVS did not suppress the elevated VOR gains seen at these frequencies ( Fig. 2A , median ϭ Ϫ0.02, P ϭ 0.18). Figure 2B shows VOR phase shifts for the same paired cycles used to assess changes in VOR gain. Over the entire tested frequency range the majority of the plotted phase shifts fall above the unity slope line, indicating that anodal GVS increased the phase lag of the VOR. This observation is quantified in Fig. 2D , which shows the distribution of the GVS-induced changes in phase; for frequencies Ͻ8 Hz the median change in phase was 4.00°(P Ͻ 0.0001), and for frequencies Ն8 Hz the median phase change was 6.65°(P Ͻ 0.0001).
Anodal GVS also influenced compensatory head movements (CHV) made in response to body rotation. Figure 2E shows CHV gain for the same set of paired GVS and control cycles used to illustrate changes in VOR gain. During low-frequency rotations (Ͻ8 Hz), where inertial forces were less dominant, anodal GVS was associated with reduced CHV gain (median ϭ Ϫ0.02, P Ͻ 0.0001; Fig. 2E ) but not with a significant difference in phase (Ϫ0.05°, P ϭ 0.65; Fig. 2F ).
In a previous report (Shanidze et al. 2010a ), we showed that compensatory head velocity relative to the body increased dramatically and often exceeded body velocity for rotational frequencies Ն8 Hz. This effect is evident in Fig. 2E , where CHV gain during 8-to 10-Hz rotations is up to six times greater than what would be compensatory (gain ϭ 1) and where many of the plotted data points actually fall above the unity slope line (Fig. 2E) , implying, paradoxically, a further increase in head movement during anodal GVS. This change was statistically significant for gain (median ϭ ϩ0.33, P Ͻ 0.0001) but not for phase shift (Ϫ0.30°, P ϭ 0.34; Fig. 2F ). Greater head velocity during GVS implies that vestibular inputs to the neck exerted a suppressive effect on head movement during high-frequency head oscillations. Although seemingly paradoxical, the effect is consistent with the VCR goal of stabilizing the head in space.
At frequencies Ͼ8 Hz, the acceleration of the body is quite large (ϳ1,500 -5,600°·s Ϫ1 ·s Ϫ1 ) and suggests a dominant influence of biomechanical factors such as inertial acceleration (Shanidze et al. 2010b) . Consistent with this hypothesis, Fig.  2F shows that head-on-body velocity tended to be in phase with body acceleration regardless of the presence or absence of GVS. In comparison, phase shifts during lower-frequency oscillations tended toward 180° (Fig. 2F) .
In summary, the overall effect of anodal GVS reflected a reduction in vestibular control. However, the specifics of this effect differed according to stimulus frequency range. In particular, at low frequencies where vestibular influences were more dominant, anodal GVS caused decreases in ocular stability, which were reflected by parallel increases in eye movement relative to the world (control 15.40 Ϯ 8.94°/s vs. anodal GVS 20.04 Ϯ 10.40°/s, P Ͻ 0.0001) and head movement relative to the world (control 37.92 Ϯ 18.78°/s vs. anodal GVS 39.27 Ϯ 18.74°/s, P Ͻ 0.0001).
Effects of Excitatory GVS
Excitatory GVS (cathodal GVS) caused a consistent improvement in ocular stability. Figure 3A shows VOR gains during sinusoidal cycles with cathodal GVS plotted against paired control cycles without GVS. For cathodal GVS, the majority of the data points fall above the unity slope line, indicating an increase in VOR gain with GVS. The VOR was enhanced at low and high frequencies (median ϭ ϩ0.03; P Ͻ 0.05; Fig. 3A) . Concurrently, there was a small increase in VOR phase lead during cathodal GVS for both low and high frequencies of rotation (low: median ϭ Ϫ1.75, high: median ϭ Ϫ3.7; Fig. 3B , P Ͻ 0.001). Although smaller in magnitude, the effects of cathodal GVS on VOR gain and phase mirrored those of anodal GVS on VOR gain and phase.
Cathodal GVS also had limited influence on CHV (Fig. 3 , E and F). CHV gain was not changed with GVS versus without GVS for low-frequency rotation ( Fig. 3E ; median ϭ 0.00, P Ͼ 0.62). However, head movements during high-frequency stimulation, when paired with cathodal GVS, displayed a decrease in head velocity (functionally an improvement in head stability relative to space; Fig. 3E ; median ϭ Ϫ0.11, P Ͻ 0.05). At low frequencies, CHV phase was significantly different (median ϭ 1.75°, P Ͻ 0.001). In contrast, no differences in phase shift were observed at high frequencies of rotation with cathodal GVS (P Ͼ 0.77).
On the whole, these results mirror those for anodal GVS. Figures 2C and 3C show distributions of residuals for VOR gain with anodal ( Fig. 2C) and cathodal (Fig. 3C ) GVS. A comparison of these residual distributions shows that VOR gains during anodal GVS were less than their paired controls, whereas VOR gains during cathodal GVS were greater than their paired controls. Figures 2D and 3D demonstrate a similar pattern of effects of GVS on the phase.
Stimulation in the light. For some test dates we performed the experiments in light as well as darkness to determine whether the response to stimulation was dependent on vision. Consistent with previous findings (Shanidze et al. 2010a ), we found that in the light there was an improvement on both ocular and head stability (Kolmogorov-Smirnov 2-sample test, P Ͻ 0.05) for both anodal GVS and control conditions. In both control and GVS conditions, eye and head velocities were decreased in light versus darkness (eye: control: dark 11.56 Ϯ 6.63°/s, light 5. Shanidze et al. 2010a ) the median difference for VOR gain was 0.045, which was significant (P Ͻ 0.0005), and the median difference in CHV gain was 0.01, also significant (P Ͻ 0.05). We examined whether the influence of vision was quantitatively different in control versus GVS conditions and found no effect for either eye or head responses (all P values Ͼ0.05, unbalanced 2-way ANOVA). Because the effects of light on performance did not differ between control and GVS conditions, we can conclude that there was no interaction between the presence or absence of a visual stimulus and GVS.
Transient Velocity Steps
During brief transient rotations GVS had a significant effect on the magnitude of compensatory eye movements (Table 1) but a smaller effect on compensatory head movements. Figure 4 shows averaged transient responses of one animal at 30°/s (W3 , Table 1 ). Figure 4A shows reduced gaze stability on trials with anodal GVS compared with control trials (compare eyein-space with GVS to eye-in-space without GVS). An increase in eye velocity would be expected if head-in-space velocity also increased as a result of GVS suppression of compensatory head movement. However, as shown in Fig. 4B , head-in-space velocity on control trials essentially overlays head-in-space velocity on GVS trials. Figure 4B illustrates the suppression of eye-in-head velocity on GVS trials compared with the control trials (same data set as Fig. 4A ). Figure 5 is a scatterplot of eye-in-head versus head-in-space velocities for a representative experiment. Each data point represents a single transient. Anodal GVS reduced the mean VOR gain for either leftward steps (EIH vs. HIS slope, left control: 0.44, left GVS: 0.33) or rightward steps (right control: 0.63, right GVS: 0.34) for the experiment shown in Fig. 5A . Across all animals and test dates anodal GVS caused a reduction in mean gain; the mean difference was Ϫ0.08 Ϯ 0.13 for leftward steps and Ϫ0.19 Ϯ 0.10 for rightward steps. The effect is greater for rightward steps but is significant in both directions (right: P Ͻ 0.001; left: P Ͻ 0.05). The apparent asymmetry is related to an asymmetry in the animals' control responses since control gains were higher for rightward steps (during GVS and control experiments). Figure 5B shows the results of cathodal GVS, which produced a small increase in VOR gain in either step direction for the experiment illustrated in Fig. 5B ; however, across all animals and test dates there was no significant change in gain (rightward, ϩ0.14, P Ͼ 0.99; leftward, ϩ0.07, P Ͼ 0.99).
No significant effect of either anodal or cathodal GVS was detected on compensatory head movements in either direction [mean difference of BIS vs. HOB slopes: Ϫ0.01 left (P Ͼ 0.32) and ϩ0.01 right (P Ͼ 0.77)]. Similarly, cathodal GVS failed to have a significant effect on CHV [left mean ϭ ϩ0.2 (P Ͼ 0.99), right mean ϭ Ϫ0.01 (P Ͼ 0.99)]. Weak galvanic currents suppress irregular afferents. On the basis of their responses to angular acceleration, one might expect to detect a change in VOR latency if these afferents were selectively ablated by GVS. However, there were no significant latency changes (as measured by waveform correlation; see Methods, Shanidze et al. 2010a Shanidze et al. , 2010b for details) for either eye or head responses with either cathodal or anodal stimulation (e.g., anodal GVS: head P ϭ 0.48 and P ϭ 0.23, eye P ϭ 0.06 and P ϭ 0.68, right and left rotations, respectively).
Stimulation in the light. As with periodic rotation, experiments were performed in light and darkness during some test dates. To determine whether there was an effect of light on an animal's performance we compared values obtained in the light with those obtained in the dark on the same test date. We found no effect of light in the control condition on eye-in-space or headin-space movement (Kolmogorov-Smirnov 2-sample test, P Ͻ 0.05; Shanidze et al. 2010a ). In agreement with the results of periodic stimulation, there was no interaction between light and galvanic stimulation for eye or head responses (all P values Ͼ 0.05, unbalanced 2-way ANOVA).
Effects of GVS on VOR in head-fixed guinea pig. Minor and Goldberg (1991) , among others, reported no suppression of the VOR during anodal GVS. Their experiments were performed in head-restrained primates. To test whether the differences in our results were due to the ability of the animals' heads to move freely, we repeated the experiments (both sines and transient steps) in an animal with a restrained head. For both sinusoidal and transient rotations we found anodal GVS to suppress the VOR. For sinusoidal rotations, eye-in-head velocity decreased across all frequencies (low control: 13.54 Ϯ 4.92°/s, anodal GVS: 11.25 Ϯ 4.23°/s; high control: 27.96 Ϯ 8.75°/s, anodal GVS: 21.83 Ϯ 6.85°/s), causing a decrement in the animal's ability to maintain gaze (eye-in-space velocity: low control 36.81 Ϯ 9.31°/s, anodal GVS 38.96 Ϯ 10.47°/s; high control 47.59 Ϯ 7.86°/s, anodal GVS 55.05 Ϯ 8.43°/s; P Ͻ 0.001). For transient steps, the decrease in performance closely mimicked those reported for head-unrestrained animals. The overall decrease in VOR gain was significant (ANOVA, P Ͻ 0.05; mean VOR gain difference: right Ϫ0.24, left Ϫ0.02).
Active Head Movements
GVS did not influence compensatory eye movements associated with voluntary head movements. As previously reported (Shanidze et al. 2010b) , for compensatory eye movement mean gain (eye/head) across all animals during active head movements was higher than during passive stimulation (active: gain ϭ 0.91 Ϯ 0.11; passive periodic rotation: low-frequency VOR gain ϭ 0.59 Ϯ 0.18, high-frequency VOR gain ϭ 0.81 Ϯ 0.10; passive transient steps: right VOR gain ϭ 0.45 Ϯ 0.21, left VOR gain ϭ 0.31 Ϯ 0.16). Furthermore, the mean latency of compensatory ocular responses in relation to active head movement was effectively zero (mean ϭ Ϫ0.06 Ϯ 0.18 ms), consistent with the anticipatory nature of the movement (Shanidze et al. 2010b ). In our previous study, we reported that anticipatory responses occurred even in the absence of a functional vestibular system, suggesting that GVS should have no effect on anticipatory responses. Consistent with this hypothesis, there was no measurable difference between compensatory eye movements that occurred with and those that oc- Table 1 ). Circles represent control trials, and plus symbols represent GVS trials. curred without GVS during self-generated head movements (anodal GVS: P ϭ 0.08; cathodal GVS: P ϭ 0.19).
To determine whether GVS influenced self-generated head velocity we compared distributions of head-in-space velocity during active movement epochs that occurred in the absence of GVS with those that occurred during GVS. No statistical difference was found (anodal GVS: P ϭ 0.17, cathodal GVS: P ϭ 0.26) suggesting that changes in vestibular afference, as modulated by GVS, do not significantly alter the trajectories of planned voluntary head movements.
During epochs of active head movement the animals occasionally generated eye and head movements in the same direction, presumably to shift their line of sight. To compare whether there was relatively more gaze change occurring under either of the GVS or control conditions, we examined data samples where eye-in-head and head-in-space velocities had the same sign (because the eye and head are moving in the same direction, the instances are anticompensatory). We analyzed eye velocity amplitude during these epochs of anticompensatory movement to determine whether there was any influence of GVS on the generated quick phases. During cathodal GVS, the proportion of eye movements in the anticompensatory direction was greater than control (P ϭ 0.02), although these epochs corresponded to significantly lower mean eye-in-space velocities than control (Kolmogorov-Smirnov 2-sample test, P Ͻ 0.05; means: right: control ϭ 38.98°/s, cathodal GVS ϭ 26.00°/s; left: control ϭ Ϫ41.45°/s, cathodal GVS ϭ Ϫ34.36°/s). For anodal GVS, there was a trend for a higher number of anticompensatory eye movements than control (P ϭ 0.05). The distribution of eye-in-space velocities corresponding to these movements was also different between control and GVS (Kolmogorov-Smirnov 2-sample test, P Ͻ 0.05), although no clear trend in mean velocity changes could be ascertained (right: control ϭ 60.39°/s, anodal GVS ϭ Ϫ57.47°/s; left: control ϭ Ϫ56.46°/s, anodal GVS ϭ Ϫ72.19°/s).
DISCUSSION
GVS Effects on CHV and Their Relationship to the VCR
Irregular vestibular afferents exhibit more phasic responses to angular rotation and innervate central vestibular neurons that project to the cervical spinal cord (Boyle et al. 1992) . It has been hypothesized that their dynamic characteristics could help compensate for the inertial and biomechanical properties of the head and neck; thus the phase-advanced signal encoded by these afferents might significantly influence the VCR and vestibular control of head stability (Bilotto et al. 1982; Boyle et al. 1992; Fernandez and Goldberg 1971; Peterson et al. 1988; Schor et al. 1998) . A goal of this study was to directly test this hypothesis. Previous studies have established that weak anodal currents selectively suppress the discharge of irregular afferents in primates and guinea pigs (Kim and Curthoys 2004; Minor and Goldberg 1991) . If irregular afferent activity is functionally significant for the VCR, then anodal galvanic stimulation should reduce VCR gain and potentially destabilize the head in space during passive whole body rotation in animals whose heads are unrestrained. Our experimental results support this hypothesis because there were statistically significant decrements in compensatory head velocity (CHV) relative to body velocity when anodal GVS was applied during sinusoidal rotation (Figs. 1 and 2) . In some instances, the suppression of CHV was substantial. For example, nearly a 70% reduction in gain is illustrated in Fig. 1 , C and D, during 2-Hz sinusoidal rotations. Overall, however, the measurable effect of GVS on CHV was small for periodic stimuli and not significant for brief transient rotations, from which one might conclude that irregular afferents contribute minimally to CHV and, more specifically, to the VCR. Two factors are likely to contribute to these weak effects of GVS. First, we used currents sufficient to suppress irregular afferents (Kim and Curthoys 2004) but not regular afferents, which would continue to provide significant inputs to the neck. Second, the VCR is only one source of head movement drive; proprioception and inertial forces may also produce compensatory movement. Consistent with this interpretation, GVS had minimal effects on compensatory head velocity during transient steps (Fig. 4) where head velocity was measured at a point in time when there was concurrent high acceleration (up to 1,600°·s Ϫ1 ·s Ϫ1 ). During high-frequency sinusoidal oscillations (Ն8 Hz), head speeds exceeded imposed stimulus speeds and were likely driven by a both a biomechanical resonance and inertial forces (Shanidze et al. 2010a) . At these frequencies, anodal GVS further destabilized the head in space (Fig. 2E) , resulting in significantly greater head-in-space velocity compared with control cycles. Thus, despite the presence of large inertial forces and in contrast to aperiodic, transient steps, irregular inputs to central vestibular neurons with descending axons appeared to exert a stabilizing influence on the head at high rotational frequencies near resonance consistent with their dynamic properties and the functional role of the VCR. An interesting aspect of the high-frequency sinusoidal data was that anodal GVS had no significant influence on CHV phase shift (Fig. 2F) , despite the phase-advanced dynamics of the irregular afferents. Instead, phase shifts clustered near 90°, apparently reflecting the inertially driven character of the head movements.
GVS Effects on Direct VOR Central Pathways
Unlike vestibular control of the head, it is widely assumed that signals encoded by regular vestibular afferents dominate activity in the direct VOR pathway (Brontë-Stewart and Lisberger 1994) . In what is now a classical study, Minor and Goldberg (1991) showed that anodal GVS had no effect on the VOR of monkeys during passive sinusoidal rotations above 0.2 Hz or dynamic segments of transient rotations, and this finding was subsequently confirmed by two other laboratories (Angelaki and Perachio 1993; Chen-Huang et al. 1997) . In contrast to the findings in monkeys, we observed significant effects of GVS on the guinea pig's VOR during sinusoidal rotations at frequencies Ͼ0.2 Hz (Figs. 1-3 ) and during brief transient rotations (Fig. 4 and Table 1 ). Our results are not due to nonselective suppression (or activation) of regular afferents. Kim and Curthoys (2004) showed that weak galvanic currents, similar to those employed in this study, selectively suppressed irregular afferents in guinea pigs just as they did in nonhuman primates. Furthermore, our results are consistent with evidence that irregular afferents provide synaptic inputs to central neu-rons in VOR pathways as well as to neurons in VCR pathways (Highstein et al. 1987) .
A possible conclusion is that GVS suppression of the VOR in guinea pigs is a species-based difference in the synaptic weight of irregular afferents on neurons in the central VOR pathways. Guinea pigs are lateral-eyed, afoveate, terrestrial animals. Unlike primates, they do not produce smooth pursuit eye movements (Marlinsky and Kröller 2000) , which, in monkeys, share the central pathways that process signals related to the VOR (Roy and Cullen 2002) . Furthermore, in the mouse, another afoveate species, Beraneck and Cullen (2007) showed that putative secondary vestibular neurons with eye position sensitivity ("ES neurons") encode a signal correlated with eye velocity during optokinetic nystagmus (OKN). However, in contrast to previous findings in primates (Blazquez and Highstein 2007; Waespe and Henn 1979) , mouse vestibular-only cells ("VO neurons") do not exhibit activity related to either the visual motion stimulus or eye movement during OKN. The guinea pig has been previously shown to have neural circuitry intermediate to that of primates compared with mice or rabbits for OKN (Lui et al. 1994) , and so further electrophysiological studies are needed to determine whether the effects of GVS on VOR show species-specific differences for this animal.
The presence or absence of head restraint is another potentially significant factor, since any head movement (active or passive) that is concurrent with the rotational stimulus will directly modify the afferent vestibular signal itself as well as produce proprioceptive inflow to vestibular neurons (Roy and Cullen 2002) . Moreover, head movement has been shown to alter experimental outcomes in a number of behaviors, for example, sound localization (Populin 2006) . In the case of the vestibular system, electrophysiological recordings from the primate vestibular nucleus have shown that the activity of VO neurons changes when the head is allowed to move (for review, see Cullen and Roy 2004) . Previously (Shanidze et al. 2010a ), we reported VOR and head movement responses in headunrestrained guinea pigs to a wide range of passive whole body rotational speeds and frequencies. These results were comparable to responses previously shown in guinea pigs tested with restrained heads (Escudero et al. 1993) . In the two studies of guinea pigs, VOR performance (gain) was quite similar despite the difference in head restraint. This finding indicates that signal processing in the VOR pathways is not substantially modified when the head is free to move compared with headrestrained experiments. Our results confirm that the presence or absence of head restraint does not influence the effect of GVS on the guinea pig's VOR, despite the potentially large differences in central signals within the vestibular nuclei.
GVS Effects on Indirect VOR Central Pathways
Angelaki and colleagues reported a 30 -50% reduction in eye velocity during the steady-state portion of prolonged constant-velocity stimuli and during the steady state of OVAR in monkeys (Angelaki et al. 1992; Angelaki and Perachio 1993) . A recent review by Laurens and Angelaki (2011) makes a strong case that the function of velocity storage is not solely to improve the low-frequency responses of canal dynamics but instead to act as a multisensory integrator to improve overall canal and otolith function in a midrange of frequencies (0.2-0.5 Hz). The data of Angelaki and Perachio imply that suppression of irregular afferents reduces the time constant of this integrator by some undefined mechanism. We cannot exclude the possibility of a similar effect in the guinea pig as the cause of the changes in VOR gain that we observed. However, the frequencies of our sinusoidal stimuli were greater (up to a factor of 10) than the midrange described by the Laurens and Angelaki primate model and the duration of the velocity steps employed in our experiments were much shorter (400 ms) than the 1-3 s range predicted by the model of Laurens and Angelaki. Moreover, for the velocity steps, the gain change we report was apparent within 100 ms of the onset of the step (Fig.  4) . If an effect of GVS on velocity storage is a viable explanation for our findings, then we must assume either that the integrator in the guinea pig's velocity storage network is more dependent on irregular afferent activity than the primate's or that the time constant of the network is much shorter, an unlikely assumption in our opinion since canal dynamics are quite accurate over the frequency range employed in our experiments.
Functional Role of Retinal Stability in the Guinea Pig
Although detailed evidence for the central connectivity of vestibular afferents is not available in the guinea pig, it is likely that the basic VOR pathways in the brain stem are fundamentally similar to those of primates (Babalian 1997; Burian et al. 1990; Ris et al. 1995) . To account for our experimental findings, we hypothesize that polysynaptic, possibly extravestibular, inputs sculpt vestibular afference in accord with species-specific behavior. In particular, there are fundamental differences in the relative importance of vestibular and visual sensation in afoveate guinea pigs compared with primates with well-developed visual systems. Guinea pigs live in burrows and feed at dawn and dusk in their natural habitat (Finlay and Sengelaub 1981) . They do not have foveas; their retinas are relatively homogeneous and have a low density of photoreceptors, primarily rods (Choudhury 1978; Hughes 1977) ; and they have poor visual acuity (estimated maximally at 2.7 c/°; Buttery et al. 1991) . Consistent with this morphology and lifestyle, guinea pigs make few spontaneous saccades and do not produce smooth pursuit eye movements (Escudero et al. 1993) .
The VOR stabilizes retinal images during head movements and, in primates, maximizes visual acuity. However, guinea pigs have poor acuity, so reduction of blur due to image motion is unlikely to be a primary function of the guinea pig's VOR. Land (1999) and Walls (1962) argued that detection of motion in the external environment is also dependent on retinal stability; if the eye moves in space, then the brain must determine the amount of retinal image motion induced by the animal's self-generated motion versus imposed movement by the environment. For example, if one spins and then abruptly stops, the world may be perceived as spinning for a brief time. The misperception occurs because vestibular sensation persists after one stops spinning because of central velocity storage that effectively extends the cupula time constant. Detection of relative motion between an object and its environment is also enhanced by retinal image stability (Nakayama 1981) . In accord with Land, we suggest that the function of the guinea pig's VOR is to stabilize retinal images so as to distinguish movements of other animals (e.g., a predator) in the environment from self-motion. This functional distinction may represent a fundamental difference between foveate and afoveate species in how vestibular nuclei neurons integrate vestibular inputs with inputs related to visual sensation.
For example, in the primate, a powerful set of visual mechanisms assist or even supplant vestibular control of compensatory eye movements. First, foveal-based smooth pursuit stabilizes retinal images on the fovea regardless of the source of image motion (self-generated or external). During passive rotation, the gain of the VOR is significantly improved during visual fixation of a target (Baloh and Halmagyi 1996; Schweigart et al. 1999 ) because smooth pursuit and the VOR act synergistically. In the clinic, vestibular nystagmus is readily suppressed by real or even imagined fixation targets (reviewed in Baloh and Halmagyi 1996) , a clear demonstration that visual inputs or cognition can dominate vestibular signals in VOR pathways. Second, fusional vergence stabilizes retinal images because it maintains binocular correspondence of foveated targets (reviewed in Baloh and Halmagyi 1996) .
In the guinea pig, foveal visual mechanisms are not available to assist the VOR in stabilizing the retinal image. Instead, we hypothesize that irregular vestibular afferents, with greater sensitivity to angular acceleration (Goldberg 2000) , enhance VOR responses to movement and thus play a greater role in image stabilization in the guinea pig than they do in the primate. In monkeys, the influence of irregular afferents on secondary vestibular neurons may be regulated or suppressed to allow more powerful visual mechanisms to dominate or modulate vestibular signals. This idea is consistent with previous findings, which showed that polysynaptic inhibitory pathways could be responsible for the central cancellation of irregular afferent inputs in primates (Chen-Huang et al. 1997) . Although anodal GVS had no effect on the averaged activity of secondary vestibular neurons (type I PVP), the activity of individual cells was modulated by GVS (Chen-Huang et al. 1997) , confirming the presence of irregular inputs on those cells. This result and our data suggest that recordings from central vestibular neurons in guinea pigs will be needed to determine the influence of irregular inputs to specific classes of vestibular neurons, e.g., those likely to project into the VCR-related pathways (VO neurons) and those that project into VOR pathways (cells with eye movement sensitivity). For example, in the mouse, Beraneck and Cullen (2007) found that the firing rates of neurons with eye movement sensitivity, "ES" neurons, were modulated by optokinetic signals. In primates, eye movement and vestibular-only (VO cells) exhibit firing rate modulation correlated with optokinetic stimulation (Waespe and Henn 1977) .
Independence of Optokinetic and GVS Influence on the VOR
Although the VOR effectively stabilizes retinal images for rapid movements, it performs poorly for low-frequency stimuli (Baird et al. 1988; Highstein et al. 2005 ; for review, see Goldberg 2000) . However, in the light, full-field, slowly moving images induce an optokinetic reflex in guinea pigs (and other species) that reduces retinal slip over a frequency range where the VOR is deficient (Azzena et al. 1974; Lui et al. 1999; Marlinsky and Kröller 2000) . Consistent with these reports, we found that in the light the guinea pig's compensatory eye movements were enhanced during low-velocity periodic motion (Shanidze et al. 2010a ). However, anodal GVS had no effect on low-frequency visual enhancement of the VOR. Visual enhancement and anodal GVS suppression both occurred, but there was no interaction suggesting either linear addition of signals in a common circuit or that optokinetic and GVS influences were exerted in parallel pathways.
Ocular Compensation During Self-Generated Head Movements
During self-generated head movements we were unable to detect any influence of GVS on head or eye speed. This result extends our previous finding that anticipatory compensatory eye movements associated with active head movements occur independently of vestibular afference (Shanidze et al. 2010b) . Whatever the source of the anticipatory motor command (proprioceptive or efference copy), the anticipatory response is more effective than the passive VOR in stabilizing the eye in space (King and Shanidze 2011; Shanidze et al. 2010b ). Retinal stability during rapid self-generated head turns would be especially important for an animal to distinguish object motion in the environment from self-motion (Land 1999) . Thus an anticipatory movement in association with a self-generated head or body movement not only reduces retinal slip but also could provide perceptual suppression of any remaining slip associated with the animal's voluntary movement.
The failure of GVS to influence compensation for volitional head movements is evidence that the anticipatory response produces all or most of the ocular compensation. If there were a significant and synergistic passive VOR component, then that component would have been suppressed by GVS and we should have detected a difference in the compensatory eye movements that occurred during GVS and control epochs of self-generated head movement. Thus this finding supports the idea that an efference copy of the motor command to move the head is used to cancel the sensory consequence (reafference) of the planned head movement (Cullen et al. 2011; Sadeghi et al. 2010; Shanidze et al. 2010b; von Holst and Mittelstaedt 1950) . If the active head movement occurs as planned, then the vestibular nerve signal is effectively nullified centrally by the efference copy and would produce no VOR-related eye movement. Our GVS data are consistent with this model of vestibular processing and the principle of reafference (von Holst and Mittelstaedt 1950) .
